We present results of a study testing the response of two saprophytic white-rot fungi species, Pleurotus pulmonarius and Coriolus versicolor, to charred biomass (charcoal) as a growth substrate. We used a combination of optical microscopy, Scanning Electron Microscopy (SEM), elemental abundance measurements, and Isotopic Ratio Mass Spectrometry (IRMS) to investigate fungal colonization of control and incubated samples of Scots Pine (Pinus sylvestris) wood, and charcoal from the same species produced at 300°C and 400°C. Both species of fungi colonize the surface and interior of wood and charcoals over time periods of less than 70 days, however distinctly different growth forms are evident between the exterior and interior of the charcoal substrate, with hyphal penetration concentrated along lines of structural weakness. Although the fungi were able to degrade and metabolize the pine wood, charcoal does not form a readily available source of fungal nutrients at least for these species under the conditions used in this study.
Introduction
Fire plays a central role in the dynamics of many ecosystems, with over 8.6 x 10 12 kg of biomass burnt globally each year [1] . Consequently, fire strongly influences vegetation development and soil microbial function, driving patterns of succession and species composition [2] . A major product of biomass burning is charcoal, formed as a result of biomass pyrolysis when material is exposed to elevated temperatures (over c.300°C),
where flaming combustion is inhibited by low oxygen availability. The importance of charcoal to global biogeochemical cycles is highlighted by the fact that at present, total global production of pyrogenically altered carbon (including charcoal) from biomass burning has been estimated at 50-270 Gt yr -1 [3] . Therefore, the products of biomass pyrolysis, including charcoal, make up an important proportion of many soils, comprising up to 35% of total organic content [4] .
The molecular changes during production of charcoal, particularly reorganization of the carbon structure into condensed aromatic ring configurations [5] both raise the carbon content and the resistance to environmental degradation of charcoal relative to unpyrolysed biomass. As a result, the mineralization rates of some forms of charcoal are extremely slow, apparently resisting degradation over geological timescales [1] . On the other hand, it is also apparent that some charcoal components undergo environmental degradation on decadal timescales (e.g. [6] ). The potential environmental resistance to mineralization has resulted in a recent interest in the potential for net sequestration of C over extended time periods, via the large scale amendment of soils with charcoal, also termed 'biochar' [7] . A central question for both specific initiatives such as biochar, and for understanding of wider general ecosystem dynamics, is the interaction between charcoal and soil microbial communities.
Fungi are an important part of dynamic soil systems, with the majority of the over 80,000 presently known species spending at least part of their life-cycle in the soil [8] ,
and fungal hyphae contents estimated in some environments as high as 67 km per 1g of dry soil [9] . Fungi therefore play an essential role in soil ecosystems. For example, the ramification of hyphae through soil has the beneficial effect of stabilizing soil structure, both through the adhesive properties of exo-polysacharides and the physical entrapment of soil particles [10] . These actions have significant influence on soil water infiltration 3 and water holding capacity. The fungi of interest in this study are the large group of fungi that function as primary degraders of organic material to forms more bioavailable for plants and other soil biota (saprophytic fungi).
There is a growing body of evidence that some fungal communities respond positively to the presence of charcoal in soils, for example, increased activity of arbuscular mycorrhizal fungi due to changes in soil chemistry has been demonstrated following charcoal additions [11] . However, direct empirical evidence for the mechanisms by which charcoal presence may enhance fungal growth is often lacking [12, 13] . Different hypotheses include the availability of C and nutrients from the charcoal surface [14] , or the provision of micro-habitats for fungal communities within the char structure itself [15] . In the case of saprophytic fungi, many species are able to utilize aromatic macromolecules, such as lignin, as an energy source, by catabolic degradation with a variety of exoenzymes [16] . In addition to compounds in uncharred biomass, saprophytic species have also been observed to co-metabolise recalcitrant materials such as black shales and charcoal over relatively short timescales of <4 months [17] .
However, questions remain surrounding the role of pyrolysed biomass as a growth substrate, and specifically whether fungi are able to utilize carbon from charred material as an energy source.
In this study, we investigate the response of two saprophytic fungal species to charcoal, produced under different pyrolysis conditions. These results feed directly into enhanced understanding and quantification of the role charcoal plays in global biogeochemical cycles via soil microorganism-charcoal interactions. In order to address these research goals, we have used a combination of stable isotopic analysis via Isotope Ratio Mass Spectrometry (IRMS), fungal growth analysis, and observation by Scanning Electron
Microscopy. The combination of IRMS with visual techniques represents a new approach to studies of this type, and appears a promising methodological approach to deriving direct empirical evidence for fungi-charcoal interaction mechanisms.
Materials and methods
The approach used in this study involved quantitative examination of (i.) the effect on fungal growth of charcoal additions to a minimal nutrient medium, and (ii.) the taken, and processed to 1.5cm cubes. Charcoal was prepared from the cubes using a Carbolite™ rotary furnace in an inert (N 2 ) atmosphere for a period of 60 minutes at either 300°C or 400°C, as described in [18] . Molecular structural differences between charcoals produced at these temperatures results from differential thermal degradation of wood structural components. Cellulosic material degrades very rapidly over 250-400°C, while lignin whereas slower degradation of lignin proceeds over the interval 200°C to 720°C [19, 20] .
Two species of white-rot, lignin-degrading fungi were used in the study; Pleurotus pulmonarius and Coriolus versicolor which have a demonstrated ability to break down complex macromolecular lignin structures that contain a relatively large number of aromatic rings. Furthermore, the ability of these fungi to co-metabolise a range of macromolecules from polycyclic aromatic hydrocarbons (PAHs) and pentachlorophenols (PCPs) to tars and oils has also been reported [21, 22, 23, 24] .
Therefore, it is hypothesised that the exocelluar enzymes produced by these fungi may also be capable of the biodegradation charcoal.
To determine fungal growth rate response, a study of the two fungal species was conducted on minimal essential media (MEM) [25] with differing carbon sources. The carbon sources were 0 and 0.5 % D-glucose, 0.5% 300°C powdered charcoal and 0.5% 400°C powdered charcoal. The base media components were selected in an attempt reflect the low levels of available nutrient for growth found in the charcoals.
Fungi were incubated at 20 °C on the respective carbon sources for a period of 8 days, during which hyphal extension and morphology of filaments were assessed daily.
In the second experiment, charcoal blocks and uncharred blocks of pine wood were Isotopic and elemental analyses were performed on samples of untreated wood and charcoal and of the material following fungal incubation. To obtain samples for analysis, dried blocks of both control and incubated material were split open across the centre and material for analysis was extracted to a depth of 2mm at a minimum of four points across the interior cross-section of each block, extending to 2mm from the outer edges of the block surface. Additionally, samples were obtained from the surface 0.5 mm of blocks that had been subject to P. pulmonarius fungal incubation (see Figure 2C ). This ensured extraction of material with a homogeneous isotopic signal prior to incubation, excluding the effect of inter-ring isotopic variation within the original plant sample. Isotopic and elemental analyses were also made of both the D-glucose and L-Asparagine carbon and nitrogen sources and the two species of fungi separately grown on MEM without the addition of any charcoal. This allowed an assessment of the degree of fractionation between these substrates and the fungi, and of the isotopic signature of the fungi when these nutrient sources were accessed. Measurement precisions were better than 0.1‰ for δ 13 C, 0.3‰ for δ 15 N, 1% for %C and 0.05% for %N.
As it was not possible to both analyse a single block for elemental/isotopic composition, and also incubate the same block with the fungal species, it is likely that slight differences existed in the composition of the control and incubated blocks prior to fungal incubation. SEM analysis indicates that most colonization on the exterior of the blocks with the number of hyphae decreasing progressively into the interior of the blocks. Therefore, individual measurements in a single block are normalized to the composition obtained from the centre of each block to make the results comparable between blocks. This allows an assessment of the extent of variability within incubated and control blocks, and whether isotopic variations were randomly distributed throughout the blocks, or followed a spatial pattern. Figure 1 shows a comparison of the mean hyphal extension rates for each fungal species on each growth medium. Hyphal extension rates for both species were significantly higher for media with 0 and 0.5 % glucose than was the case for any media that included charcoal. In media without charcoal, C. versicolor appeared to show faster growth rates than P. pulmonarius and hyphal extension was greatest with 0% glucose for both fungi. However it is important to note that the growth forms on 0 and 0.5% glucose were very different. On 0% glucose, growth was very sparse, with few branched hyphae, typical of an exploratory growth form [26] . In contrast, much denser growth, typical of a more exploitative growth form, occurred on 0.5 % glucose.
Results
Growth of fungal hyphae on the charcoal-containing media was generally very sparse, with a lag period of 3 days, and it was difficult to visualise the hyphae against the black coloured agar. The slow hyphal extension rate meant it was difficult to measure hyphal branching angles, however small fan-like flushes of hyphal growth were observed, suggestive of an exploratory growth form. There were differences between the two fungal species in growth response to the two different charcoal-containing media. In the case of P. pulmonarius there was a clearly faster growth rates on the media containing 300°C powdered charcoal compared to the 400°C powdered charcoal ( Figure 1 ). In contrast, C. versicolor showed no significant difference in hyphal extension rate between the two charcoal treatments.
The weight gain recorded for some charcoal blocks following fungal incubation (Table 1) versicolor, but a similar degree of colonization for the two charcoals by P.
pulmonarius.
Internal %C variability through the control blocks is low, with a range of <0.45% in the wood and 300°C charcoal, and <0.85% in the 400°C charcoal (Table 2) ~1‰ lower than that of the L-Asparagine, indicating that both species discriminate against uptake of 15 N when grown on this substrate, as previously observed [27] .
Variation in %C increased following incubation with P. pulmonarius and C.
versicolor in the wood and 300°C charcoal, for example variations of up to 2.57%
were observed in the 300°C charcoal incubated with C. versicolor. However, in the 400°C charcoal %C variation was only slightly larger than the control samples ( Table   2 ). 
Discussion
Fungal colonization occurred after 70 days on the surface of all samples, with a particular concentration of fungal hyphae on the outer surface of the blocks, and it is only in this zone that an exploititative growth form is observed, indicating either a concentration of available nutrients on these surfaces, or that the substrate surface Translocation of resources, including nutrients and water, within a continuous hyphal network enables fungi to colonize spatially heterogeneous substrates [28, 29] . This strategy may therefore be useful in colonization of substrates that are poor in certain resources, such as charcoal with a high carbon to nitrogen ratio.
The quality of a fungal substrate is determined by the concentration and physical availability of nutrients, as well their chemical form [29] . The results presented here suggest that among the tested materials, charcoal produced at 300-400°C is a lowquality growth substrate for both P. pulmonarius and C. versicolor fungal species.
The results of the growth rate study, specifically differences in hyphal growth forms, demonstrate that that with 0% glucose the fungi are actively searching for energy sources by devoting resources to rapid development of few long hyphae, whereas with 0.5% glucose the fungi are devoting resources to development of a more branched hyphal network in order maximise resource capture from the nutrient agar plates. In addition, the observed growth forms within the charcoal blocks suggest that an exploratory form developed, and the hyphal penetration within the block is more actively engaged in seeking readily available nutrient sources, rather than in any utilization of the charcoal structure itself. This is supported by the absence of significant weight loss following fungal incubation, with overall increases in mass observed in some charcoal blocks. In contrast, some degradation of the wood structure appears to have occurred, with significant mass loss in the measured samples, and a clear difference in physical structural degradation revealed by SEM imaging of the incubated samples. The destruction of anatomical structures in the wood sample by fungal action contrasts with the apparent lack of evidence of structural degradation of the charcoal samples.
Pyrolysis results in alterations to the wood macro-and micro-structure, with progressive homogenization of the wood cell walls and disappearance of the middle lamella [30] . This occurs in conjunction with increases in overall average carbon abundances with increasing pyrolysis temperature, in this study from 46.0% in wood to 78.8% for 400°C charcoal. The result is decreasing structural heterogeneity as pyrolysis temperature increases, and it appears that this feature plays a major role in inhibiting growth of some fungal species when charcoal is used as a substrate. These results support the interpretation that changes in molecular structure induced by 13 pyrolysis of wood at temperatures of 300°C or more greatly inhibit the ability of these species of saprophytic fungi to enzymatically degrade charcoal, at least over the timeframe of this study. This is likely to be the result of lower bioavailability of the carbon structure of the charcoal itself, however it is also possible that pyrolysis produces certain substances that actively inhibit the activity of the fungi. Both theories have previously been suggested to explain reduction of fungal attack in wood following heat treatment [31] .
Conclusions
It is clear from visual and SEM analysis that both species of fungi colonize the surface, and to a lesser extent, the interior, of both 300°C and 400°C charcoals over time periods of less than three months. Overall, it appears that a combined visual and elemental/isotopic approach is a promising methodology for examining fungal response to charcoal as a growth substrate. It is important to note that these results represent a relatively short term experiment, and future work should concentrate on determining whether over more extended time periods a more extensive degradation of charcoal by fungi occurs. However, the results presented here suggest that for these two common species of fungi, breakdown of the structure of charcoal itself does not supply a readily available source of nutrients. This is in contrast to previous work, which suggests that some saprophytic fungi species do degrade highly recalcitrant condensed aromatic structures (e.g. [17] ), and highlights the fact that the diversity of microbial species and strategies in soils will likely result in a range of responses to charcoal. Rather than using the charcoal structure itself as a source of nutrients, it is also possible that colonization of the charcoal samples by the fungi could be the result of different nutrients (e.g. P, K, Ca) that are present on the charcoal surface as a result of pyrolytic degradation of the original biomass. Positive effects for soil saprophytic fungi communities consisting of species similar to the ones tested here are therefore more likely to result from pyrolysed material as a favourable habitat or source of nutrients, than direct utilization of the charcoal structure itself, even in material produced at relatively low temperatures (i.e. <300°C).
Further research within this field is clearly required in order to enhance understanding of interactions between fungi and charcoal in soils, not least because of the truly global importance of these within such systems. Future directions include a focus upon variation in the range of conditions for fungal incubation, such as temperaturedependent initiation of more rapid phases of fungal growth. A. Charcoal blocks produced using furnace at 300°C inoculated with P. pulmonarius after 8 weeks incubation; B. Charcoal blocks produced using furnace at 400°C inoculated with P. pulmonarius after 8 weeks incubation; C. Schematic representation of sampling scheme for incubated and control blocks; homogenized sampled were obtained from the surface 0.5 mm (1), and at 1-2 mm and 7-8 mm depth from the top and bottom of each block (2, 3, 5, and 6, respectively). In two instances, a further sample was obtained at a depth of 9-10 mm within the block (4, not shown). 
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